FrØdØric G. Te rrade, [a] Jan van Krieken, [b] Bastiaan J. V. Verkuijl, [b] and ElisabethB ouwman* [a] Despite being as imple dehydration reaction, the industrially relevant conversion of lactic acid to acrylic acid is particularly challenging. For the first time, the catalytic cracking of lactide and poly(lactic acid)t oa crylic acidu nder mild conditions is reported with up to 58 %y ield. This transformation is catalyzed by strong acids in the presence of bromide or chloride salts and proceeds throughs imple S N 2a nd elimination reactions.
Environmental concerns and the impending scarcity of oil resources result in increasing attention fort he concept of a biobased economy.T or eplaceo il-basedp rocesses, energyefficient and economically competitive processes using biobased feedstocks have to be developed. Lactic acid (LA) is already an important platform chemical obtained by fermentation. Stimulated by technological improvement and the diversification of fermentation feedstocks, and driven by the increasing demand for the biodegradable polymer poly(lactic acid) (PLA), its production capacity is expected to rise in the coming years, accompanied by ad rop in price. [1] Besides PLA, valueadded commoditiesd erived from LA such as alkyl lactates (solvents) are already produced industrially.T he cyclic diester lactide is produced industrially from oligo(lactic acid): it is used as am onomer for the production of PLA. LA can also be transformed into propylene glycol, pyruvica cid, acetaldehyde, 2,3-pentanedione, or acrylic acid (AA).
[2] AA is an important feedstock for the productiono fv arious polymers appliedi n, for example,p lastics and elastomers as well as paints. [3] Petroleumbased AA is relativelye xpensive owing to the relativelyh igh cost of the propene feedstock, the energy-demanding twostep process, andp urification. [4] Af easible processf or the conversion of LA to AA is highly desired;h owever,t his simple dehydration reaction is surprisingly challenging. The dehydration of alcohols is typically catalyzed by strong acids. [5] Because LAb ears ac arboxylic acid function, the acidcatalyzed dehydration of LA under mild and concentrated conditions does not lead to acrylic acid but instead resultsi n linear oligomers and asmall amountoflactide.
[6] Under harsher conditions, ar ange of products is formed, such as acetaldehyde, propionic acid, CO, and CO 2 .
[7] The use of dehydration catalysts based on rhenium or molybdenum complexes has been reported to lead to traces of AA together with polymers, [8] whereas in the presence of areductant mainly propionic acid is obtained. [9] The best systemsr eported so far for the direct dehydration of LA to AA are based on heterogeneous phosphate or sulfate catalysts in the gas phase (Scheme 1a).
[10] The highest reported yields are in the range of 80 %. [11] The main drawbacks of these processes are their high temperature (300-400 8C), the relatively high dilution required to avoid the formation of non-volatile oligomers of LA, and poisoning of the catalysts.A lternatively, LA can be converted to AA in supercritical water without the need of added catalysts. The polymerization of LA is suppressed in this system. However,t he temperaturea nd pressure requireda re very high (1000 bar) and AA yields are low (44 % selectivity at 23 %c onversion). [7b, 12] Another reported two-step process relies on the use of acetic acid: 2-acetoxypropionic acid is first produced by the esterification of LA and acetic acid catalyzed by stronga cids, [13] or by the reactiono fl actide with acetic acid catalyzed by an ickel catalyst at 250 8C. [4] Pyrolysis of 2-acetoxypropionic should lead to AA and acetic acid (Scheme 1b). However,r ecycling of the acetic acid reagent/ coproduct is mandatory to achieve an economically viable route, [4, 11, 13, 14] impeding the developmento fa ni ndustrial process.
Herein we report the directf ormation of AA from lactide (Scheme 1c): ay ield of 58 %A Aw as obtained from lactide after 10 ha t1 75 8C. Importantly,u sing this procedure AA can be produced directly from PLA or oligo-LA, offeringanew route to the recycling of PLA yielding the high-valued product AA (patent pending).
Our initial aim was to develop catalysts for the carbonylation of LA to succinic acid, for which we investigated the Lapidus system reported for the carbonylation of cyclohexanol. [15] This catalytic system comprises ap alladium source,astronga cid, and the bromide-based ionic liquid tetrabutylammonium bromide (TBAB).B ya nalogy with the described mechanism for related reactions, [16] we expected the formationof2-bromopropionic acid (2BrPA) as the first step of the mechanism. The conversion of LA to 2BrPAi nt he presence of hydrobromic acidi s well known. [17] Unexpectedly,acontrol experiment at 130 8Ci n the absence of the palladium catalysts howed 24 %c onversion of LA and the formation of AA in approximately 4% selectivity with al arge amount of LA oligomers and 2BrPAi n2 4% selectivity,( Ta ble S1, entry 1i nt he Supporting Information). In the absence of strong acids, no conversion was observed, and if 1equivalent of water was added the conversion dropped (Table S1 ,entries 2a nd 3).
Because the water formed by the dehydration of LA appeared to be detrimental for the formation of AA, we decided to use lactide as the substrate in this reaction. The main products found in the reaction mixtures of our investigationsa re shown in Scheme2.
When lactide was heated in TBAB in the presence of p-toluene sulfonic acid (HOTs), AA was obtained in 2% selectivity, and compound 2,t he ester of AA and LA, in 14 %s electivity at 93 %c onversion (Table1,e ntry 1). Subsequently,w et ried to optimize the reactionf or the selective formation of AA. The effect of the quantity of HOTS on the outcome of the transformation was investigated (Table S2) . Not surprisingly,a ni ncreasing amount of lactide was hydrolyzed to LA when an increasing amount of HOTsw as used because the HOTsu sed for this study was the commercial monohydrate. Furthermore, 3-bromopropionic acid (3BrPA), the addition product of HBr to AA, was also detected in the reaction mixture.
To completely eliminate the adverseeffect of water in subsequent reactions, anhydrous methanesulfonic acidw as used (HOMs,T able S3). Under these water-free conditions no LAw as formed. The selectivity towards the unsaturated compounds AA and 2 was highest at 0.5 equivalents HOMs relative to lactide (entry 2i nT able 1a nd entry 3i nt able S3:5%s electivity towardsA Aa nd 43 %t owards 2 at 63 %c onversion). The use of larger amountso fH OMs resulted in an increase in conversion but did not increaset he selectivity towards AA and 2.A n increasei nt he bromide/lactide ratio resulted in increased conversion up to 93 %( when 15 equiv TBAB wasu sed) but had little or no effect on the selectivity:4 0-45 % 2 and5 %A A were formed for Br/lactide ratios from 3t o1 5( Ta ble S4 and Ta ble 1, entry 3).
We then investigated whether TBAB might be replaced by other sourceso fb romide ions;t he use of tetraphenylphosphonium bromide (PPh 4 Br), 1-ethyl-3-methylimidazolium bromide, 1-butylpyridinium bromide, or tetrabutylphosphonium bromide as bromide sourcesa fforded similar or lower selectivities and conversions( Ta bleS5). Contraryt ot he other bromide sources,P Ph 4 Br is not an ionic liquid under the reaction conditions (melting point:2 95 8C), and in the reactions with this salt, sulfolane was added as as olvent. In the sulfolane/PPh 4 Br mixture the use of other (anhydrous) strong acids such as trifluoromethanesulfonic acid or meta-phosphoric acida fforded similar resultsa sw ith HOMs. Weak acids such as acetic acido r Scheme2.Species observed in the reaction mixtures. oxalic acid were inefficient because neither bromo-substituted nor unsaturated species were formed (Table S6) . Higher selectivity towards AA and 2 was obtained when the reactiont emperature was raised to 150 or 175 8Cw ith TBAB or PPh 4 Br as bromide sources ( Ta ble S7 and Table 1 , entries 4a nd 5). Unfortunately,w hen the reactionw as run at 175 8Cf or 16 h, the mass balance decreased to 60 %( for both bromides ources), and when the reactionw as run at 200 8C, the mass balance droppedt o3 0% in TBAB or am ere 2% in PPh 4 Br.Atentative explanation for the loss of mass balance may be the formation of polyacrylates under these harsh conditions. Furthermore, TBAB partially decomposesa tt hese highert emperatures, as indicated by the observation of butyl bromide in the reactionm ixture. The PPh 4 Br/sulfolane system is more suitable for the use under harsher reactionc onditions because of the higher thermalstabilityo ft hese species.
The rearrangement of lactide was monitored over 10 ha t 175 8Ci nt he HOMs/PPh 4 Br/sulfolane reactionm edium ( Figure 1a nd Table S8 ). Under these conditions, lactideq uickly disappeared from the reaction mixture: 97 %w as consumed within 2h.T he selectivity towards 2 reached am aximum after 2h (50 %s electivity at 94 %c onversion)a nd then decreased, whereas the selectivity towards 2BrPAi ncreased to 14 %i nt he first hour and then slowly decreased to reach 0% after 10 h. The amounto f3 BrPAr eached am aximum at 4h with 7% selectivity and then remained stable until the end. The selectivity towardsA Ai ncreased continuously over the 10 hr eactiont ime to reach 58 %. In the first few hours of the reaction, the overall mass balance was initially quite good, but after 6h it decreaseds ignificantly.
The chloride salt PPh 4 Cl can also be used for the reaction, althought he selectivityt owards rearrangement products is lower than when PPh 4 Br is used. Whereas AA and 2 wereo btained in 32 and 44 %s electivity at full conversion in PPh 4 Br, under otherwise identical conditions AA and 2 were obtained in 11 and 29 %s electivity at 86 %c onversion in PPh 4 Cl (see Ta ble S9). As ignificant amount of 2-chloropropionic acid (2ClPA) was formed in the reaction( 26 %s electivity), whereas 2BrPAw as formed with only 7% selectivity under otherwise identicalconditions.
We hypothesized that bromopropionic acid itselfc an also be used as as ource of acid because it can eliminate HBr to afford AA. [18] The rearrangement of lactide also occurred in the absence of as trong acid but with 2BrPAa dded at the beginning of the reaction (Table S10 , entries 1-3): when lactide (0.69 mmol) and 2BrPA( 0.35 mmol) were stirred in BrPPh 4 / sulfolane for 16 ha t1 50 8C, the resulting reaction mixture was found to contain AA (0.54 mmol), 2 (0.31 mmol), and 2BrPA (0.10 mmol). The compound 3BrPAc ould also be used (Table S10, Finally,o ligo-LA andP LA were submitted to the PPh 4 Br/ sulfolane/HOMsr eactionm edium at 150 8Cf or 16 h. Starting from oligo-LA (100 mg), AA (23 mg) and 2 (26 mg) were obtained.A dditional signals in the acrylate region of the NMR spectrum were attributed to the tri-ester 3 (comprising two LA units and one acrylate unit, see Scheme 2a nd Figure S2 ), which was obtained in 11 mg yield (Table S11, entry 1). When PLA (100 mg) was used as as tartingm aterial, AA (24 mg), 2 (26 mg) and 3 (16mg) were obtained ( Table 1 , entry 9; Ta ble S11, entry 2). Besides pure commercial PLA, to show that this transformation can be applied for the recycling of PLA, we also used ap iece of plastic cutlery (consisting of 67 %P LA and 33 %i nert filler) from the university canteen.T he results were virtually identical to those obtained when bulk PLA was used (Table S11, entry 3).
Mechanistic considerations
The various intermediates found in the reactionm ixtures helpedu st od evise am echanism for the transformation of lactide to AA, as shown in Scheme 3. Thec yclic lactide ester is first opened by ap rotona nd ab romide ion to give 2-(2'-bromopropanoyloxy)propanoic acid (1)( first nucleophilic substitution). Compound 1 then either eliminates HBr to afford 2-(acryloyloxy)propanoic acid (2)( first elimination) or may react with asecond equivalentofH Br to yield two equivalents of 2BrPA. Compound 2 can also be hydrobrominated to afford AA and 2BrPA( second nucleophilic substitution). Finally, 2BrPAe liminates HBr to yield AA (second elimination reaction). The presence of small amounts of 3BrPAi nt he reaction mixture could be the result of the reversible addition of HBr to AA.
At high temperatures, secondary alkyl halidesc an be transformed to alkenes throught he E1 mechanism involving ac arbo-cationic intermediate. However,i nt he case of 2BrPA, the involvement of such ac arbo-cationic intermediate is not likely owing to its a-position with respect to the carboxylic acid group. As trict E2-typem echanismf or this elimination step is also not very probable owing to the extremely acidic reaction medium. An E2C mechanism with bromide ions acting as aw eak base is more likely to be operative. [19] Alternatively, an intramolecular carboxylic acid-assisted E1-type elimination [20] The transformation of one equivalent of lactide to two equivalents of AA formally is not ad ehydration reaction but rather cracking catalyzed by protons and bromide ions. Molecular HBr is not expected to be present as such in the reaction mixtures: it is likely to be fully dissociated because of its low pK a (À9) compared to the pK a of HOTso re ven of protonated acids or esters (pK a in the range of À3toÀ2).
Compound 1 remains ah ypothetical intermediate because it has not been observed. It is thought to quicklye liminate HBr to afford 2.T he reaction of 1 with HBrt oy ield two equivalents of 2BrPAc annot be ruled out and could contributet ot he low concentration of 1.I th as been observed that the concentration of 2BrPAand 2 in the reaction mixture increases in the beginningo ft he reaction and then decreases (Figure 1 ), which supports their role as reaction intermediates for the conversion of LA to AA. The role of 2BrPAa sa ni ntermediate and as ource of HBr wasf urther confirmed by an experiment in which no strong acid was added but in which 2BrPAw as added at the start of the reaction. Similarly,3 BrPAc an also be used as as ource of HBr,i ndicating that the addition of HBr to AA is reversible under our reaction conditions. Increasingt he concentration of sulfonica cid (HOTs·H 2 O/lactide > 0.5 or MsOH/lactide > 1) in the reaction mixture led to an increaseinthe formationof2BrPAbut adecreaseinthe formation of 2 and AA. These observations suggest that the elimination reactions are hindered by highc oncentrationso fp rotons, whichh amper the ability of bromide ions to act as weak bases.
Compared to the bromide ion, chloride is ab etter nucleophile in aprotic environments (but not so good in protic environments); it is less acidic and an inferiorl eaving group. As ar esult, as ignificant amount of 2-chloropropionic acid (2ClPA) was formed in the reaction (23 %) with ac hloride salt, whereas 6% 2BrPAw as formed under otherwise identical conditions; clearly,t he elimination of HCl from 2ClPAi sm ore difficult than the elimination of HBr from 2BrPA. This observation corroborates the proposed mechanism.
To conclude, we disclosed ap romising new strategyf or the conversion of lactide, oligo(lactic acid) or poly(lactic acid) to acrylic acid (AA). This transformation is catalyzed by strong acids in the presence of bromide salts. Preliminary mechanistic investigations suggest that 2-(2'-bromopropanoyloxy)propanoic acid (1), 2-(acryloyloxy)propanoic acid (2), and 2-bromopropionic acida re intermediates in the conversion of lactide to AA and that simple S N 2a nd elimination mechanismsa re involved. Selectivities to acrylates up to 64 %w ereo btained (up to 58 % to AA). Attempts to obtain higher selectivities resulted in lower mass balances, probablyo wing to polymerization of the acrylates. To circumvent this limitation, continuous removal of AA as it forms seems to be ap romising area to be explored because AA has the lowest boiling point of all species involved in this reaction. In that respect,i ti sf oreseen that the catalytic system (bromide salts, acid, and solvent) could be reused after separation of AA by continuous distillation. This new process is strictly different from previously described processes because it is formally ar earrangement and not ad ehydration. Contrary to other processes,t he reaction temperature is much milder (130-175 8Cv s. 300-500 8C), and even oligomers or polymers of lactic acid can be used as substrates. The relativelyh igh cost of the lactide startingm aterial could be am ajor drawback for the industrial application of our reaction. Thus, ap rocess based on the use of oligomers of lactic acid or mixtures of oligomers and racemized lactide as startingm aterials will have ah igher economic viability.M oreover,p oly(lactic acid) is an interesting substrate for recycling to the value-addedp roduct AA.
Experimental Section
Representative experimental procedure (corresponding to entry 5 in Ta ble 1): (S,S)-lactide (100 mg, 0.69 mmol), methanesulfonic acid (37.6 mL, 0.58 mmol, 0.83 equiv), tetraphenylphosphonium bromide (1.45 g, 3.47 mmol, 5equiv), and sulfolane (1.5 mL) were introduced in the glass inset of an autoclave equipped with as tirring bar.T he autoclave was closed, pressurized with 50 bar N 2 ,a nd then heated to 150 8C( temperature of the heating mantle) for 16 h under magnetic stirring (400 rpm). Then, the autoclave was placed in an ice bath for 30 min before being vented and opened. 1 HNMR spectroscopy of the crude reaction mixture in deuterated DMSO, using the signal of the sulfonic acid as an internal standard, showed the complete consumption of lactide and the formation of acrylic acid (0.44 mmol, 32 %s electivity), 2 (0.31 mmol 44 %s electivity), 2-bromopropionic acid (0.08 mmol, 6% selectivity), and 3-bromopropionic acid (0.09 mmol, 7% selectivity). To avoid gaseous HBr leaving the reaction mixture the initial reactions were performed at 50 bar N 2 pressure. However,r eactions performed at autogenic pressure in closed autoclaves, or at normal pressure in Schlenk glassware led to identical results.
